Fluorinated indolylfulgides are a class of photochromic organic compounds that meet many of the requirements for use as optical memory media and optical switches. The X-ray crystal structures of a series of ®ve photochromic¯uorinated indolylfulgides have been determined, namely (3Z)-3-[1-(1,2dimethyl-1H-indol-3-yl)-2,2,2-tri¯uoroethylidene]-4-(1-methylethylidene)dihydrofuran-2,5-dione (tri¯uoromethylisopropylideneindolylfulgide), C 19 H 16 F 3 NO 3 , (I), (3Z)-3-[1-(1,2-dimethyl-1H-indol-3-yl)-2,2,3,3,3-penta¯uoropropylidene]-4-(1methylethylidene)dihydrofuran-2,5-dione (penta¯uoroethylisopropylideneindolylfulgide), C 20 H 16 F 5 NO 3 , (II), (3Z)-3-[1-(1,2-dimethyl-1H-indol-3-yl)-2,2,3,3,4,4,4-hepta¯uorobutylidene]-4-(1-methylethylidene)dihydrofuran-2,5-dione (heptauoropropylisopropylideneindolylfulgide), C 21 H 16 F 7 NO 3 , (III), (3Z)-3-[1-(1,2-dimethyl-1H-indol-3-yl)-2,2,2-tri¯uoroethylidene]-4-(tricyclo[3.3.1.1 3,7 ]decylidene)dihydrofuran-2,5-dione (tri¯uoromethyladamantylideneindolylfulgide), C 26 H 24 F 3 NO 3 , (IV), and (3Z)-3-[1-(1,2-dimethyl-1H-indol-3-yl)-2,2,3,3,4,4,4-hepta¯uorobutylidene]-4-(tricyclo[3.3.1.1 3,7 ]decylidene)dihydrofuran-2,5-dione (hepta¯uoropropyladamantylideneindolylfulgide), C 28 H 24 F 7 NO 3 , (V). The photochromic property of fulgides is based on the photochemically allowed electrocyclic ring closure of a hexatriene system to form a cyclohexadiene. For each fulgide examined, the bond lengths within the hexatriene system alternate between short and long, as expected. Comparing the structures of the ®ve fulgides with each other demonstrates no signi®cant difference in bond lengths, bond angles or dihedral angles within the hexatriene systems. The distance between the bond-forming C atoms at each end of the hexatriene system does vary. Correlations of structural properties with optical properties are addressed.
Comment
Fulgides are an important class of organic photochromic compounds that undergo reversible color changes upon wavelength-speci®c illumination (Crano & Guglielmetti, 1999; Durr & Bousas-Laurent, 1990) . Widely used in specialty inks and dyes, they are of particular interest for incorporation in high-density optical memory devices (Yokoyama, 2000) . In such devices, binary information is encoded using two differently colored forms which are interconverted by the photochemical transformations of coloration (ring closure of the cyclizable form) and bleaching (ring opening of the C form); this is illustrated in the reaction Scheme below for commercially available Aberchrome 540 (Heller, 1986) . There are many stringent requirements for photochromic materials intended for use as optical memory, including readily distinguishable absorption spectra for the separate colored forms, ef®cient photoreactions, high extinction coef®cients, and both thermal and photochemical stability.
Recently discovered¯uorinated isopropylidene indolylfulgides are promising candidates for optical memory that feature greatly enhanced photochemical fatigue resistance in comparison with other members of the fulgide family Yokoyama & Takahashi, 1996) . Additionally, they possess improved coloration quantum yields in solution relative to their non-¯uorinated analogs. They are further characterized by a considerable bathochromic shift in absorption maxima for the cyclizable Z form. Adamantylidene-substi-tuted¯uorinated indolylfulgides possess many of the favorable properties of isopropylidene indolylfulgides, in addition to greater thermal stability for the cyclizable form (Wolak et al., 2002) .
To aid in the preparation of further improved photochromic materials, we sought to identify relationships between crystal structure and optical properties. Herein, we examine in detail the structural attributes of a series of ®ve cyclizable-form uorinated indolylfulgides containing either isopropylidene or adamantylidene substitution, (I)±(V). Bond lengths, bond and dihedral angles, and distances between bond-forming C atoms are presented for each compound. Furthermore, we compare our ®ndings with the reported photochemical yields for the coloration event, the optical property most likely to be asso- Views of the molecules of fulgides (I)±(V). Displacement ellipsoids are drawn at the 50% probability level and H atoms have been omitted for clarity. The unit cell for (I) contains two rotamers, (I) and (Ia). Only rotamer (I), which is homologous with structures (II)±(V), is considered here. ciated with the structure of the cyclizable form (Wolak et al., , 2002 .
The structures of compounds (I)±(V) are depicted in Fig. 1 . When fulgides are transformed from the cyclizable form to the cyclic form with light, the hexatriene system is converted to a cyclohexadiene system (see reaction Scheme above). Because the photochromic nature of fulgides is intimately associated with the hexatriene system (see Scheme below), we sought to examine how substituents alter the structure of the system, and to investigate whether structural trends are predictive of optical properties. The bond lengths and bond and dihedral angles for the hexatriene systems of the ®ve indolylfulgides are shown in Table 1 .
As expected, within the hexatriene system of the cyclizable form, the bond lengths alternate between short and long, corresponding to alternating double and single bonds. For a given bond, the bond lengths amongst the ®ve compounds vary by no more than 0.02 A Ê . The minimal variations fall within expected experimental error owing to molecular motion and the use of spherical scattering factors for smallmolecule carbon structures (Dunitz, 1999; Seiler et al., 1984) . Thus, although bond lengths appear to vary with the substitution pattern around the hexatriene system, it is dif®cult to say with certainty that observable trends exist. Similarly, the range of values for a given bond or dihedral angle corresponds approximately to the experimental error limits. Within the hexatriene system, the dihedral angles are observed to alternate between close to 0 and close to À50 . Bonds with dihedral angles of close to 0 correspond to double bonds, and those with values in the vicinity of À50 correspond to single bonds.
Previous reports have suggested that the efgh torsion angle or the distance between atoms b and g in the cyclizable form might be correlated with the quantum yield of coloration (Ilge & Colditz, 1990; Yokoyama et al., 1996) . The quantum yield of coloration, È coloration , is a measure of the ef®ciency of the photoreaction that forms a new bond between atoms b and g. One might imagine that the spatial proximity of atoms b and g in the cyclizable form would be a determining factor in the ef®ciency of the photocyclization reaction.
The distance between atoms b and g is always greater for the adamantylidene derivatives than for the corresponding isopropylidene derivatives (Table 2) . Within the isopropylidene series, the bÐg distance decreases when the¯uorinated substituent is changed from CF 3 in (I) to C 3 F 7 in (III). In contrast, the data suggest that the opposite trend exists for the adamantylidene series. In Table 2 , the bÐg distances are compared with the quantum yields measured in toluene at 427 nm. The quantum yields of the isopropylidene derivatives are greater than those of the adamantylidene derivatives and the bÐg distances are smaller, as expected. Within the isopropylidene series, the quantum yields remain relatively constant while the bÐg distance decreases, thus suggesting that other factors may be important.
Experimental
The ®ve title compounds were synthesized as reported previously by Thomas et al. (2001) . The isopropylidene fulgides, (I)±(III), were recrystallized from propan-2-ol and the adamantylidene fulgides, (IV) and (V), were recrystallized from toluene±ligroin. )/3 (Á/') max = 0.003 Á& max = 0.30 e A Ê À3 Á& min = À0.24 e A Ê À3 aÐbÐcÐd À4.5 (5) 0.3 (6) À3.4 (5) 2.3 (3) À2.7 (3) bÐcÐdÐe À51.5 (5) À54.5 (5) À52.8 (4) À57.6 (3) À54.4 (3) cÐdÐeÐf À9.9 (6) À4.2 (6) À12.3 (5)
Compound (I)
H atoms were placed in geometric positions and re®ned as riding, with CÐH = 0.93±0.98 A Ê and U iso (H) = 1.2U eq (C). The largest peak in the ®nal difference map of structure (III) is located 1.3 A Ê from atom H9A, 1.4 A Ê from atom H9C and 1.6 A Ê from atom H7A.
For all compounds, data collection: SMART (Siemens, 1994) ; cell re®nement: SAINT (Siemens, 1994) ; data reduction: SAINT; program(s) used to solve structure: SHELXS97 (Sheldrick, 1997); program(s) used to re®ne structure: SHELXL97 (Sheldrick, 1997); molecular graphics: SHELXL97.
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Special details
Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and torsion angles; correlations between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes. Refinement. Refinement of F 2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F 2 , conventional R-factors R are based on F, with F set to zero for negative F 2 . The threshold expression of F 2 > σ(F 2 ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 ) (14) Geometric parameters (Å, º) Refinement. Refinement of F 2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F 2 , conventional R-factors R are based on F, with F set to zero for negative F 2 . The threshold expression of F 2 > σ(F 2 ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger. 
54.5 (5) F2-C19-C20-F3 117.2 (4) C1-C10-C11-C12 −127.0 (4) C11-C19-C20-F3 −8.3 (6) C8-C10-C11-C19 −118.3 (4) F1-C19-C20-F4 102.6 (5) C1-C10-C11-C19 60.1 (5) F2-C19-C20-F4 −8.4 (6) C10-C11-C12-C15 4.2 (6) C11-C19-C20-F4 −133.8 (4) C19-C11-C12-C15 176.6 (3) F1-C19-C20-F5 −11.7 (5) C10-C11-C12-C13 −165.7 (3) F2-C19-C20-F5 −122.7 (4) C19-C11-C12-C13 6.7 (5) C11-C19-C20-F5 111.9 (4) C14-O2-C13-O1 −171.7 (4) C10-C8-N1-C6 0.2 (4) C14-O2-C13-C12 6.8 (4)
sup-14 . C58, o389-o393 (III) (3Z)-3-[1-(1,2-dimethyl-1H-indol-3-yl)-2,2,3,3,4,4,4- Refinement. Refinement of F 2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F 2 , conventional R-factors R are based on F, with F set to zero for negative F 2 . The threshold expression of F 2 > σ(F 2 ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 )
x y z U iso */U eq F1 0.2438 (2) H9A-C9-H9C 109.5 F3-C20-C19 108.6 (2) H9B-C9-H9C 109.5 F4-C20-C19 110.5 (2) C8-C10-C1 106.8 (3) C21-C20-C19 116.6 (3)
3.4 (5) F2-C19-C20-F3 154.0 (2) C6-C1-C10-C8 −0.5 (3) C11-C19-C20-F3 −78.6 (3) C2-C1-C10-C8 −174.6 (3) F1-C19-C20-F4 158.6 (2) C6-C1-C10-C11 178.7 (3) F2-C19-C20-F4 −89.5 (3) C2-C1-C10-C11 4.7 (5) C11-C19-C20-F4 37.9 (3) C8-C10-C11-C12 52.8 (4) F1-C19-C20-C21 −78.5 (3) C1-C10-C11-C12 −126.3 (3) F2-C19-C20-C21 33.4 (3) C8-C10-C11-C19 −119.5 (3) C11-C19-C20-C21 160.9 (3) C1-C10-C11-C19 61.4 (4)
6.6 (3) F3-C20-C21-F6 49.9 (3) C11-C12-C13-O1 −20.9 (6) F4-C20-C21-F6 −64.0 (3) C15-C12-C13-O1 170.9 (4) C19-C20-C21-F6 171.4 (3) C11-C12-C13-O2 155.9 (3) C10-C8-N1-C6 0.0 (3) C15-C12-C13-O2 −12.4 (3) C9-C8-N1-C6 177.9 (3) C13-O2-C14-O3 179.1 (3) C10-C8-N1-C7 −177.4 (3) C13-O2-C14-C15 2.0 (4) C9-C8-N1-C7 0.5 (4) sup-19 . C58, o389-o393
173.6 (4) C5-C6-N1-C7 −4.1 (5) O2-C14-C15-C12 −9.8 (3) C1-C6-N1-C7 177.0 (3) C11-C12-C15-C16 39.1 (5) (IV) (3Z)-3-[1-(1,2-dimethyl-1H-indol-3-yl)-2,2,2-trifluoroethylidene]-4-(tricyclo[3.3.1.1 3,7 ]decylidene)dihydrofuran-2,5-dione Refinement. Refinement of F 2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F 2 , conventional R-factors R are based on F, with F set to zero for negative F 2 . The threshold expression of F 2 > σ(F 2 ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger.
supporting information sup-20 . C58, o389-o393
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 ) (7) 0.0217 (6) −0.0024 (5) −0.0051 (5) 0.0007 (5) F2 0.0302 (7) 0.0400 (8) 0.0186 (6) 0.0059 (6) 0.0044 (5) −0.0045 (6) F3 0.0508 (9) 0.0262 (7) 0.0186 (6) −0.0121 (6) −0.0046 (6) 0.0066 (5) O1 0.0401 (10) 0.0238 (8) 0.0217 (8) −0.0050 (7) −0.0013 (7) −0.0051 (6) O2 0.0214 (7) 0.0190 (7) 0.0242 (7) −0.0055 (6) 0.0025 (6) −0.0020 (6) (12) 0.0028 (9) 0.0079 (10) −0.0045 (9) C8 0.0199 (10) 0.0160 (9) 0.0172 (9) 0.0022 (8) 0.0002 (8) 0.0028 (7) C9 0.0230 (11) 0.0258 (11) 0.0263 (11) 0.0045 (9) 0.0062 (9) 0.0012 (9) C10 0.0184 (10) 0.0161 (9) 0.0133 (8) −0.0002 (7) −0.0015 (7) 0.0023 (7) C11 0.0152 (9) 0.0184 (10) 0.0165 (9) 0.0005 (7) 0.0014 (7) −0.0013 (7) C12 0.0143 (9) 0.0156 (9) 0.0168 (9) −0.0003 (7) 0.0023 (7) −0.0021 (7) C13 0.0193 (10) 0.0168 (10) 0.0229 (10) 0.0000 (8) 0.0007 (8) 0.0000 (8) C14 0.0130 (9) 0.0157 (9) 0.0231 (10) 0.0013 (7) 0.0031 (8) 0.0014 (8) C15 0.0153 (9) 0.0129 (9) 0.0166 (9) 0.0003 (7) 0.0052 (7) 0.0009 (7) C16 0.0156 (9) 0.0126 (9) 0.0147 (8) 0.0019 (7) 0.0052 (7) −0.0004 (7) C17 0.0161 (9) 0.0159 (9) 0.0137 (8) −0.0021 (7) 0.0020 (7) 0.0030 (7) (7) 0.0036 (7) 0.0003 (7) Geometric parameters (Å, º) 3Z)-3-[1-(1,2-dimethyl-1H-indol-3-yl)-2,2,3,3,4,4,4- Refinement. Refinement of F 2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F 2 , conventional R-factors R are based on F, with F set to zero for negative F 2 . The threshold expression of F 2 > σ(F 2 ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger.
x y z U iso */U eq F1 0.34257 (12) 1.23487 (11) (7) 0.0240 (7) 0.0445 (8) −0.0097 (5) 0.0004 (6) −0.0057 (6) F2 0.0494 (9) 0.0204 (7) 0.0228 (7) −0.0074 (6) −0.0019 (6) 0.0028 (5) F3 0.0280 (7) 0.0278 (7) 0.0305 (7) −0.0046 (6) 0.0018 (6) 0.0033 (6) F4 0.0267 (7) 0.0339 (8) 0.0463 (9) −0.0025 (6) −0.0167 (6) −0.0099 (6) F5 0.0325 (7) 0.0276 (7) 0.0367 (8) −0.0066 (6) −0.0113 (6) −0.0076 (6) F6 0.0310 (8) 0.0307 (8) 0.0494 (9) 0.0070 (6) −0.0110 (6) −0.0132 (7) F7 0.0621 (10) 0.0204 (7) 0.0348 (8) −0.0067 (7) −0.0086 (7) 0.0047 (6) O1 0.0453 (11) 0.0253 (10) 0.0426 (10) −0.0036 (8) −0.0174 (8) −0.0113 (8) O2 0.0410 (10) 0.0279 (9) 0.0236 (9) 0.0029 (7) −0.0086 (7) −0.0048 (7) O3 0.0631 (13) 0.0335 (10) 0.0235 (9) −0.0018 (9) 0.0019 (8) 0.0057 (8) C1 0.0208 (11) 0.0156 (11) 0.0222 (11) 0.0016 (9) −0.0072 (9) 0.0025 (9) C2 0.0297 (13) 0.0198 (12) 0.0256 (12) 0.0022 (10) −0.0047 (10) 0.0020 (9) C3 0.0423 (15) 0.0254 (13) 0.0232 (12) 0.0022 (11) 0.0016 (10) 0.0020 (10) C4 0.0569 (17) 0.0236 (13) 0.0179 (12) 0.0004 (12) −0.0117 (11) −0.0015 (10) C5 0.0388 (14) 0.0210 (12) 0.0333 (14) −0.0008 (10) −0.0175 (11) −0.0016 (10) C6 0.0230 (12) 0.0154 (11) 0.0282 (12) 0.0041 (9) −0.0128 (9) −0.0022 (9) C7 0.0287 (14) 0.0278 (13) 0.0556 (17) −0.0102 (11) −0.0184 (12) −0.0013 (12) C8 0.0202 (11) 0.0173 (11) 0.0294 (12) −0.0007 (9) −0.0092 (9) 0.0000 (9) C9 0.0254 (13) 0.0347 (14) 0.0326 (13) −0.0102 (11) −0.0004 (10) 0.0035 (11) C10 0.0186 (11) 0.0155 (11) 0.0240 (11) −0.0013 (9) −0.0053 (9) 0.0005 (9) C11 0.0174 (11) 0.0185 (11) 0.0247 (12) −0.0032 (9) −0.0006 (9) −0.0015 (9) C12 0.0185 (11) 0.0178 (11) 0.0232 (11) −0.0019 (9) −0.0024 (9) −0.0016 (9) C13 0.0211 (12) 0.0279 (14) 0.0274 (12) 0.0028 (10) −0.0092 (9) −0.0042 (10) C14 0.0318 (13) 0.0280 (13) 0.0246 (12) 0.0011 (10) −0.0042 (10) −0.0023 (11) C15 0.0206 (11) 0.0215 (12) 0.0219 (11) −0.0055 (9) −0.0057 (9) 0.0033 (9) C16 0.0177 (11) 0.0198 (11) 0.0237 (11) −0.0053 (9) −0.0079 (9) 0.0026 (9) C17 0.0239 (12) 0.0146 (11) 0.0244 (12) 0.0000 (9) −0.0069 (9) 0.0013 (9) C18 0.0287 (12) 0.0188 (11) 0.0270 (12) −0.0043 (9) −0.0072 (10) 0.0034 (9) C19 0.0282 (12) 0.0189 (11) 0.0287 (12) −0.0009 (9) −0.0127 (10) 0.0029 (9) C20 0.0223 (12) 0.0224 (12) 0.0328 (13) 0.0026 (9) −0.0048 (10) 0.0019 (10) C21 0.0267 (12) 0.0261 (12) 0.0257 (12) −0.0029 (10) −0.0027 (10) 0.0041 (10) supporting information sup-28 . C58, o389-o393 C22 0.0356 (14) 0.0234 (12) 0.0302 (13) 0.0029 (10) −0.0167 (11) −0.0031 (10) C23 0.0394 (14) 0.0198 (12) 0.0433 (15) −0.0031 (10) −0.0231 (12) −0.0037 (11) C24 0.0294 (13) 0.0186 (12) 0.0523 (16) −0.0049 (10) −0.0119 (11) 0.0032 (11) C25 0.0446 (15) 0.0221 (13) 0.0312 (14) 0.0056 (11) −0.0110 (11) −0.0029 (10) C26 0.0264 (12) 0.0199 (11) 0.0215 (11) −0.0069 (9) −0.0045 (9) −0.0002 (9) C27 0.0218 (11) 0.0211 (12) 0.0235 (11) −0.0048 (9) −0.0091 (9) 0.0024 (9) C28 0.0265 (12) 0.0225 (12) 0.0290 (13) 0.0008 (10) −0.0077 (10) −0.0018 (10) N1 0.0232 (10) 0.0213 (10) 0.0337 (11) −0.0074 (8) −0.0105 (8) 0.0040 (8) Geometric parameters (Å, º) 
